Herpes simplex virus encodes seven proteins which have been shown to be both necessary and sufficient for in vitro replication of origin-containing plasmids. We have shown previously that one of these proteins, the major DNA-binding protein mDBP, forms a complex with alkaline nuclease, which is not one of the seven essential proteins. In this study, we have employed immunological reagents and a series of deletion mutants to investigate this complex further. We have determined the regions of mDBP which are important in the formation of this complex, and we have shown that the intranuclear locations of alkaline nuclease and major DNA-binding protein overlap.
As more is learned about the complex mechanisms of DNA replication within eukaryotic cells, it is becoming apparent that weak protein-protein interactions are a vital part of this function. There are inherent technical problems in attempting to study such interactions and in distinguishing them from nonspecific protein binding. In this communication, we will demonstrate an interaction between two herpes simplex virus (HSV)-encoded proteins, the major DNAbinding protein and alkaline nuclease, which we believe must represent an important step in the virus replicative cycle.
HSV induces over 70 polypeptides in infected cells (19) . Of these polypeptides, seven have been shown to be both necessary and sufficient for in vitro replication of plasmids containing the HSV origin of replication (4, 21, 35) . Of the seven essential replication proteins, three, the UL5, UL8, and UL52 gene products, are thought to be required to interact to form a fully functional helicase-primase in the infected cell (8, 9) , while only the UL5 and UL52 gene products are required for helicase activity (3) . Three other proteins, the DNA polymerase and its accessory protein (ICSP 34, 35 or the UL42 gene product [11, 12, 15, 16, 25, 32] ) and the major DNA-binding protein mDBP (24) or ICP8 (6) have been shown by both physical and genetic methods to interact (5, 18, 23, 32) . Addition of mDBP to purified DNA polymerase also affects its activity (7, 28) . The final essential protein is the product of the UL9 gene, the origin-binding protein.
While the transfection assay has proved to be a potent technique for identification of the helicase-primase gene products essential for DNA replication in vitro, it clearly cannot identify those required for more subtle effects or for the production of mature virion DNA. HSV alkaline nuclease (DNase) is suspected to be one such protein (33) ; it is an abundant phosphorylated protein induced at early times postinfection (1). It is not required for in vitro replication of origin-containing plasmids, as determined by the Challberg assay, and is not thought to be essential for DNA replication in the infected cell (33) . It has been shown to be necessary for the efficient production of progeny virus (20, 33) , possi-* Corresponding author.
bly by functioning in the packaging of progeny DNA into virion particles.
The work of Littler et al. (18) showed that mDBP mutants had altered alkaline nuclease activity at the nonpermissive temperature; this result seems to imply that there is some functional interaction between the two proteins. These two proteins have also been shown to interact specifically on immunoaffinity columns (31) and to coprecipitate in immunoprecipitation tests (30) . This offers evidence for the hypothesis that mDBP and DNase interact, but other studies have shown that DNase does not appear to localize with mDBP or any other replication protein in the infected cell (26) , evidence against any interaction.
We decided to investigate the interaction between mDBP and DNase by using immunological techniques and a series of mutant viruses with single, defined lesions in the mDBP gene. These studies provide further evidence that these two proteins form a specific and probably functional complex.
MATERIALS AND METHODS
Cells, medium, and viruses. Human epidermal carcinoma no. 2 (HEp2) and African green monkey kidney (Vero) cells (American Type Culture Collection, Rockville, Md.) were grown in the Glasgow modification of Eagle's medium (GIBCO/BRL Life Technologies Inc., Gaithersburg, Md.) containing 10% (vol/vol) calf serum and 0.025% (wt/vol) sodium bicarbonate. The viruses used were HSV type 2 (HSV-2) strain 186 (27) and HSV-1 strain KOS (29) . KOSderived deletion mutants nlO, n2, d0l1, d102, d301, dXho, and n4 were grown and propagated in the mDBP-expressing cell line S-2 (13, 14) .
Infection and radiolabelling. Infection and radiolabelling procedures used were modifications of previously reported procedures (22) . Briefly, batches of 107 barely confluent HEp2 cells were inoculated with virus at a multiplicity of 20 PFU per cell. Virus was allowed to adsorb for 1 h at 37°C, after which the inoculum was decanted and fresh medium containing [35S]methionine ( washed twice with phosphate-buffered saline (PBS) before being frozen at -700C as dry pellets.
Protein extraction. All protein extractions were done at 0 to 4°C. The frozen pellets were thawed and suspended in extraction buffer (20 mM Tris-HCl [pH 7.5], 0.5 mM dithiothreitol) at a cell concentration of 1 x 107 to 3 x 107 per ml.
The cells were then subjected to ultrasonic disruption and extracted with high salt concentrations as described previously (25) . The extract was dialyzed overnight against several changes of PBS, after which it was clarified by sedimentation at 150,000 x g for 1 h. The supernatant fluid was then used for immunoprecipitation.
Growth and labelling of deletion mutants. The deletion mutants were grown in cell line S-2, which expresses recombinant mDBP (13, 14) . To obtain the mutant mDBPs, a nonproductive infection in HEp2 cells was set up as described above, with the following modifications: after adsorption, the inoculum was replaced with growth medium, at 4 h postinfection (hpi) this was replaced with medium containing 1/10 normal methionine concentration, and at 5 hpi [35S]methionine (50 ,uCi/ml) was added. The cells were harvested at 6 hpi and extracted as described above.
Immunoprecipitation. Immunoprecipitation was performed as described previously (30) . Briefly, 100-,ul fractions of infected-cell extracts were incubated with 2 pL1 of the appropriate antiserum for 18 h at 4°C. The resulting complexes were precipitated by the addition of 75 ,ul of 20%
RESULTS
Immunoprecipitation analysis of HSV-infected cell extract. Coprecipitation of the mDBP and DNase proteins has been demonstrated previously (30) . We therefore wished to confirm and extend this observation by investigating whether the binding of antibodies to different epitopes on the proteins affected the interaction, and hence the coprecipitation, between these two proteins. To do this, an infected-cell extract was prepared as described above and then the extract from 105 cells was incubated with an appropriate dilution of each antibody overnight at 4°C. The antibodies used were a series of monoclonal antibodies raised against DNase (1) and a series of monoclonal antibodies raised against mDBP (30, 31) . After precipitation with and elution from protein A-Sepharose, the precipitates were subjected to SDS-PAGE on an 8% polyacrylamide gel (Fig. 1) . It can clearly be seen that with one exception, mDBP and DNase are detected in the immunoprecipitate regardless of which antibodies are used. The exception can be seen in lane 9 where the binding of the 11,12C antibody abolishes coprecipitation. When the immunoprecipitation using 11,12C is repeated and a higher Fig. 1, lane 8 , where the 11,12D antibody coprecipitates two proteins with approximate molecular weights of 150,000 and 60,000 to higher levels than do the other antibodies. In view of previous work (31) showing interaction between DNA replication proteins, it is probable that these proteins are the DNA polymerase and polymerase accessory protein, respectively. This confirms that this effect is not merely specific to one particular protein interaction.
It may be noted here that the method of protein extraction used did not alter the ratio of immunoprecipitated proteins (data not shown).
Immunoprecipitation of mDBP deletion mutants. Since the interaction of mDBP and DNase could be demonstrated reliably with a variety of reagents, we next wished to determine which regions of the mDBP are involved. A series of deletion mutants was used (2, 13, 14) . The structure of the mDBP protein expressed by each mutant is shown in Fig. 2 .
Immunoprecipitation was performed on extracts of cells infected with each of these mutants together with the parental strain, HSV-1 KOS, and a mock-infected extract, using Ql monoclonal antibody and 1224 polyclonal rabbit antiserum to mDBP (23) . The results of this experiment are shown in Fig. 3 . It can be seen in Fig. 3B Fig. 3A , and the coprecipitation of mDBP proteins can be seen in lanes 1, 3, 4, 5, and 6 (KOS, nlO, n2, dlO1, and d102, respectively). In Fig. 3B , lane 6, it can be seen that the d102 mDBP is slightly faster migrating in SDS gels than is the DNase, but in Fig. 3A Fig. 3A and B, and the results are shown in Table 2 where the variability in the ratio between the proteins can be seen. The efficiency of coprecipitation was measured by calculating the ratio of mDBP to DNase precipitated for each mutant ( Table 2) . The control immunoprecipitation shown in Fig. 3B clearly shows little variation from wild-type levels of mDBP with the exception of n4 and Xho mutants. The ratio is most altered with mutant n2, which has the larger C-terminal deletion, mDBP of dlOl and d102 appear to reduce the interaction between the two proteins, while the overlapping deletion in mutant Xho completely abolishes it. This seems to imply that the C terminus of mDBP is important in the interaction between these two proteins, as is the region deleted in Xho but retained in dlOl and d102. It may be noted here that n2 is relatively stable and can be detected even after an 18-h labelling period, which implies that the reduced coprecipitation seen with this mutant is not an instability effect.
Analysis of nuclear localization of DNase and mDBP in mutant-infected cells. mDBP and DNA polymerase are known to colocalize in specific structures within the nucleus of the infected cell (2). These structures have been designated replication compartments (10, 17) and are thought to represent sites of DNA replication. We wished to determine what effect the deletions in the mDBP have upon the localization of DNase in the infected cell. To do this, an immunofluorescence assay was performed on cells infected with the mutant viruses for 6 h. The cell sheets were incubated with Ql mouse monoclonal antibody to detect DNase and with 1224 polyclonal rabbit antibody to detect mDBP. The results of this can be seen in Fig. 4 . In panel I of Fig. 4 , which was probed with Ql, it is clear that DNase is located solely in the nucleus in all the mutants. In panel II of Fig. 4 , however, mDBP is entirely localized in the nucleus in KOS (Fig. 4A) and dlOl ( Fig. 4D ) and is partly localized in the nucleus in d301 (Fig. 4F ). In nlO (Fig. 4B) , n2 (Fig. 4C) , d102 (Fig. 4E) , Xho (Fig. 4G) , and n4 (Fig. 4H) , mDBP is localized in the cytoplasm of the infected cell, as previously reported (13) . This result seems to imply that the two proteins enter the nucleus through independent nuclear localization signals. Imuofurscec aayiofwl-yeHV2nfcdclsat6hI.12poyonlrbiseu(A,38plcoalabt seu irceagisDNpoyeae()anQimncoaanioyaahihdlto(11,0)()wrue.
cally localize within the infected-cell nucleus. We therefore wished to investigate this apparent anomaly.
Immunofluorescence analysis was performed on cells infected with HSV-2 strain 186 for 6 h. The same antibodies were used as in the previous experiment, with the addition of a parallel experiment using a polyclonal antibody, 1318, against DNA polymerase as a positive control for replication compartments. The results of this experiment are shown in Fig. 5 ; it can clearly be seen that as expected, at 6 hpi mDBP (Fig. 5A ) and DNA polymerase (Fig. SB) are localized within replication compartments in the nuclei of the infected cells. In Fig. 5C , it can be seen that DNase also appears to be localized to specific regions of the nucleus in a fashion similar to that of mDBP. No fluorescence was seen when a preimmune serum was used (data not shown).
Double-label analysis of the DNase localization. Having shown that DNase does localize to specific areas within the infected-cell nucleus, we wished to determine whether these areas are the same as the replication compartments. To do this, an immunofluorescence assay was performed with 1224 polyclonal rabbit serum detected with fluorescein-conjugated swine anti-rabbit immunoglobulin G (DAKO) and Ql monoclonal antibody detected with biotin-conjugated sheep anti-mouse immunoglobulin G (Sigma) and avidin-conjugated Texas Red (Amersham, plc., Amersham, Buckinghamshire, United Kingdom); the same field of view was observed using each excitation wavelength, 492 and 595 nm, respectively.
The results of this experiment can be seen in Fig. 6 ; it can clearly be seen in Fig. 6A that mDBP is localized, as would be expected, in the replication compartments. It can also be seen in Fig. 6B that although DNase can be detected throughout the nucleus, it is mainly localized to the same specific regions as is mDBP. This implies that DNase localizes to the replication compartments during periods of active DNA replication. Each detection system was also used singly and observed at both wavelengths to determine that there was no bleed-through fluorescence (Fig. 6C and D (33) . It is possible that its association with mDBP in the replication compartments allows cleavage to occur as replication progresses and thus may, in addition, provide more templates for further cycles of replication. Association with the DNA-binding protein may also increase the specificity of the nuclease. It seems unlikely that this is the sole function of DNase in the infected cell in view of the fact that the majority of the virion proteins are not synthesized until late in infection, whereas DNase is detectable in the infected cell at 2 hpi. The mDBP-DNase complex is thus closely associated with the other known proteins of the replication complex, and we have previously described (31, 32) a clear interaction of DNA polymerase and polymeraseassociated protein. We would suggest, therefore, that DNase has at least two functions in the replication cycle of the virus and that although packaging may be one of its functions, it also functions earlier in the replication cycle in association with the replication complex.
It has been shown, by using similar techniques, that mDBP colocalized with p53 during HSV infection of cells overexpressing that protein. The p53 protein is a cellular protein thought to be involved in the regulation of the cell cycle and of replication (34) . This suggests the possibility of using these techniques to identify further proteins of the replication complex, either cellular or virus coded. Immunoprecipitation assays using monoclonal antibodies against the seven essential proteins from the Challberg assay would provide an interesting point of departure. A further interesting point is that we were able to show by in vitro immunoprecipitation experiments an interaction between DNase and mDBP even when the proteins were in separate compartments in infected cells (nlO and d102 [ Table 2 ]). This suggests that the assays used here may be adaptable to in vitro analysis of those interactions.
